Half-sandwich organometallic complexes featuring Ru(II), Os(II) and Rh(III) metal centers and naturally occurring bidentate 2-hydroxy-[1,4]-naphthoquinone ligands (lawsone and phthiocol) have been synthesized and characterized in both solid state and solution phase by analytical, spectroscopic, electrochemical and single crystal X-ray diffraction techniques. Comparative studies revealed the influence of the respective metal center (Ru, Os, Rh), leaving group (Cl, Br, I) and arene (p-cymene, toluene, pentamethylcyclopentadienyl), as well as the naphthoquinone ligand on the structural properties and solution speciation. Additionally, cytotoxicity was tested in SW480, CH1/PA-1 and A549 human cancer cell lines showing a broad range of IC 50 values. © 2019 Abbreviations BOLD-100 sodium trans-[tetrachloridobis(1H-indazole)ruthenate(III)], KP-1339 CV cyclic voltammetry deferiprone 1,2-dimethyl-3-hydroxy-pyridin-4(1H)-one DMF dimethylformamide Hlaw lawsone, 2-hydroxy-[1,4]-naphthoquinone Hphth phthiocol, 3-methyl-2-hydroxy-3-methyl-[1,4]-naphthoquinone maltol 3-hydroxy-2-methyl-pyran-4(1H)-one menadione 3-methyl-[1,4]-naphthoquinone MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide NAMI-A trans-[tetrachlorido(DMSO)(imidazole)ruthenate(III) ROS reactive oxygen species
Introduction
Due to the reoccurring limitations with well-established Pt(II) drugs (e.g. cisplatin) in cancer treatment, much research effort has been focused on the search for other metallodrugs with different activity profiles and lower toxicity [1, 2] . In this context, metal center variation brought to light the possible suitability of Ru based drugs. At this time Ru(III) compounds, as well as Ru(II) "piano-stool" complexes are extensively investigated. Two well-known examples of Ru(III) drug candidates are BOLD-100 (sodium trans-[tetrachloridobis(1H-indazole)ruthenate(III)], formerly KP-1339 or , which is about to enter clinical phase II studies, and NAMI-A (trans-[tetrachlorido(DMSO)(imidazole)ruthenate(III)]). Both of these complexes highlight the importance of the metal's coordination sphere ( Fig. 1) . While BOLD-100 features two indazole ligands and is active against primary tumors as well as metastases, its structurally related congener NAMI-A only shows activity against metastases [3, 4] .
On the other hand, organometallic Ru(II) complexes often feature a stabilizing arene moiety, and mono-, or bidentate ligands, as well as a leaving group. The name of these so-called "piano-stool" complexes is https://doi.org/10.1016/j.jorganchem.2019.121070 0022-328/© 2019. derived from the resulting geometrical form, which resembles a three legged stool, where the arene is the seat and the other ligands are the legs. The most advanced and extensively studied drug candidates, RM175 and RAPTA-C ( Fig. 1 ) are believed to have completely different modes of action. While Sadler et al. postulated that RM175 interacts with DNA via intercalation of the biphenyl moiety and covalent binding to nucleobases; activity of RAPTA-C is ascribed to protein interaction [5] . However, no "piano-stool" complex has been evaluated in clinical studies so far.
Another approach is the synthesis of Ru(II) "piano-stool" complexes featuring bioactive natural products with anticancer properties. Many natural compounds such as quinones and naphthoquinones are found in plants, algae, and bacteria and used as versatile building blocks for organic synthesis of medicinal drugs [6, 7] . Other members of this family are phthiocol and lawsone, which are considered as derivatives of vitamin K (Fig. 2) [6, 8, 9] .
Naphthoquinones readily act as reducing agents leading to the formation of radicals and reactive oxygen species (ROS) [10] . In the past, several quinones and naphthoquinones were biologically tested and revealed cytostatic properties [6, 7, [11] [12] [13] . Half-sandwich organometallic complexes containing 2-hydroxy- [1, 4] -naphthoquinones as ligand scaffold have already been reported in literature with promising results [14] [15] [16] . Furthermore, heterobimetallic compounds with a pendant ferrocene moiety have been investigated for their anticancer properties [17, 18] . Physicochemical properties (e.g. solubility, lipophilicity), biologic parameters (e.g. IC 50 values, mode of action) as well as solution equilibrium constants are crucial factors in drug development. One of the main advantages of using "piano-stool" complexes is the possibility to fine-tune these physicochemical properties, namely stability, redox properties, solubility via ligand modification and variation of the metal center or the leaving group [19, 20] . Herein we report the synthesis, characterization, detailed solution stability and complex formation properties of six new "piano-stool" complexes. These organometallics feature either 3-methyl-2-hydroxy-3-methyl- [1, 4] -naphthoquinone (phthiocol, Hphth) or its non-methylated analogue 2-hydroxy- [1, 4] -naphthoquinone (lawsone, Hlaw) as O,O-chelates for Ru(II)-, Os(II)-and Rh(III)-arene organometallic ions. Additionally, cytotoxicity tests in human cancer cell lines were conducted in order to assess the anticancer potency of these compounds.
Results and discussion

Synthesis
Lawsone is commercially available, phthiocol was synthesized in a two-step synthesis, starting from commercially available 3-methyl- [1, 4] -naphthoquinone (menadione), according to literature with minor modifications [21, 22] . Firstly, an epoxide intermediate was formed, using aqueous hydrogen peroxide solution (30%). Ring opening reaction was performed with concentrated sulfuric acid and silica gel in THF and provided good yields (72%) over two steps (Scheme S1).
The phthiocol-based Ru(II)-p-cymene complex (KP2048) showed promising anticancer activity in vitro and in vivo experiments [14] . Within this work, we wanted to investigate the effect of different metal centers (Ru(II), Os(II), Rh(III)), halide leaving groups (Cl − , Br − , I − ), arenes (p-cymene, toluene, C 5 Me 5 -) and ligands on the solution behavior and cytotoxic potency.
The desired complexes (1-7) were obtained by the deprotonation of the 2-hydroxy-naphthoquinone (phthiocol or lawsone) with sodium methoxide in dry methanol, followed by the addition of the respective dimeric metal precursor ([MX 2 (arene)] 2 ) (see Scheme 1). Following the standard purification reported in literature [16] , the complexes were isolated in moderate-to-good yields. Two different methods were applied to obtain the desired complexes. In method A: the starting materials were reacted under standard conditions (20-40°C) for 2-24 h. The other method (method B) included microwave irradiation for 6-14 min at 40-50°C. Both methods were used for all complexes. However, the microwave assisted method reduced the reaction time of complexes 2, 4 and 5 considerably. After purification, yields between 15 and 90% were obtained.
Crystal structures of phthiocol complexes
Single crystals of five complexes (1-3, 5-6) were obtained by liquid-liquid diffusion from dichloromethane/n-hexane (see Figs. 3 and 4) . These complexes exhibit a pseudo-octahedral geometry with a ligand-to-metal ratio of 1:1. The arene, the bidentate naphthoquinone ligand (Hphth) and the monodentate halide ion are coordinated to the metal center and adopt the characteristic "piano-stool" configuration. Complexes 2, 3, and 6 crystallized in the triclinic space group P1 ̅ . Compounds 1 and 5 crystallized in the monoclinic space group P2 1 /c. The bond lengths between the donor atoms of phthiocol and the metal center and bond angles are shown in Table 1 . The variation of the metal center Ru(II) (1) to Os(II) (5) has no relevant impact on the bond lengths and angles. However, the Rh(III) complex 6 exhibits a slight elongation of the coordination bonds, compared to the Ru(II) analog 1.
Based on these data the variation of halide ions has no relevant effect on geometric parameters in the coordination sphere. These organometallic complexes possess a chiral metal center and both enantiomers were found in the unit cell of complexes 2, 3 and 6. 
In vitro anticancer activity of compounds
The cytotoxicity of 2-hydroxy- [1, 4] -naphthoquinones depends on the nature of alkyl substituents at position 3 [13] . Cytotoxic activities of Hphth, Hlaw and the respective complexes 1, 4-7 were determined in human colon carcinoma (SW480), ovarian teratocarcinoma (CH1/PA-1) and non-small cell lung carcinoma (A549) cells by means of the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay ( Table 2) . No IC 50 values could be determined for complexes 2 and 3, due to the poor solubility in aqueous systems.
All tested complexes 1, 4-7 showed at least a tendency for increased cytotoxicity in the intrinsically chemo-resistant (P-glycoprotein-expressing) human cancer cell line SW480, compared to the free ligands (Hphth, Hlaw). The combination of Ru(II) and p-cymene yields a clearer increase of cytotoxicity in all cancer cell lines employed, whereas the other variants with a different metal center (6) or arene ligand (4) showed only marginally increased cytotoxicity in the cell line SW480 and no enhanced activity in A549 and CH1/PA-1 cells.
Based on these data we could conclude that the tested compounds exhibited a broad range of anticancer potency with IC 50 in the range of 15 μM to >200 μM. Generally the dimeric organometallic precursors do not exhibit strong cytotoxicity (>100 μM [RuCl 2 (η 6 -p-cymene)] 2 reported for several cancer cell lines [25, 26] , and both naphthoquinone ligands showed IC 50 values > 100 μM. The arene change resulted in a loss of activity compared to the p-cymene derivative 1, as did the metal center variation from Ru(II) to Os(II) or Rh(III). Introduction of the lawsone ligand was not beneficial with regard to cytotoxicity either, but complex 7 was still more active than the free ligand Hlaw. 
Solution chemistry
Investigation of solution behavior and determination of stability constants of bioactive metal complexes are key steps in drug development processes since from speciation data the biologically active chemical forms can be predicted. Thus this kind of information can help in deepening the understanding of pharmacokinetic properties and the mechanism of action. Currently no speciation data have been reported for half-sandwich organometallic complexes of 2-hydroxy- [1, 4] -naphthoquinones so far. Only a few studies on the time-dependent stability in buffered solutions can be found in literature [15] .
In this work we investigated systematically the aqueous solution chemistry of metal-ligand systems containing phthiocol and organometallic triaqua complex cation ([Ru(η 6 3 ] 2+ ) in the presence of 0.2 M chloride ions. pH-potentiometry is not suitable for determining stability constants for these naphthoquinone complexes due to their low water solubility and high concentration demand of the technique. Therefore UV-visible (UV-Vis) titrations were performed where lower concentrations can be employed. Though the osmium complex 5 was synthesized and its in vitro cytotoxicity was determined, the solution chemical properties were not characterized here since the more pronounced and slower hydrolytic behavior of [Os(η 6 3 ] 2+ would make the studies fairly difficult [27, 28] . Lawsone was also involved the studies to reveal the impact of the methyl group on the ligand scaffold on the solution chemical properties.
Proton dissociation processes of naphthoquinones and hydrolysis of the organometallic cations
The pK a value is a key parameter of bioactive compounds, as it has a large effect on the pharmacokinetic properties considering the actual protonation state (and charge), and it also affects the pH-dependence of the lipophilicity. with the help of these constants it is possible to calculate the distribution of different protonated species and the average charge at a given pH. phthiocol and lawsone have one dissociable proton, as only the hydroxyl group can lose a proton with increasing pH. although the structures are similar, the methyl group in the third position has a great impact on the neighboring hydroxyl group. proton dissociation constants of lawsone and phthiocol were determined by UV-Vis titrations (I = 0.2 M KCl, Fig. s1 ) and deprotonation occurs at much lower pH values in the case of lawsone (pK a (Hl) = 3.90 and 5.08 for lawsone and phthiocol, respectively, see Table 3 ). These data Table 3 Proton dissociation constants (pK a (HL)) of Hlaw and Hphth and stability constants (logΚ [M(arene)L]) of their complexes. {T = 25.0°C, 
are in good agreement with literature data, although different conditions were used (I = 0.5 M KCl) [29, 30] .
and [Ru(η 6 -toluene)(H 2 O) 3 ] 2+ organometallic complex cations has been characterized in detail previously [27, 28] . In these organometallic triaqua cations and (their studied complexes) the bond between the metal ion and the arene is stable under the used conditions (pH = 2.0-11.5). Increasing the pH μ-hydroxido bridged dinuclear species are formed with the formula [(M(arene)) 2 (OH) 2 ] 2+ and [(M(arene)) 2 (OH) 3 ] + [27, 28] . Although Bíró et al. examined extensively the species formed from [Ru(η 6 -p-cymene)(H 2 O) 3 ] 2+ in chloride ion containing medium and determined the overall stability constants for five different species, all the titrations can be described sufficiently by only the overall stability constants determined for [(M(arene)) 2 (OH) 2 ] 2+ and [(M(arene)) 2 (OH) 3 ] + (I = 0.2 M KCl) [31] . These constants are log β [(M(arene)) 2 (OH) 2 ] = −6.50, −7.12, −11.12 and log β [(M(arene)) 2 (OH) 3 ] = −10.56, −11.88, −19.01 for M(arene) = Ru(η 6 -toluene), Ru(η 6 -p-cymene) and Rh(η 5 -C 5 Me 5 ), respectively, and these data were used in this work as well [27, 28] .
Complex formation equilibria of naphthoquinones with organometallic ions
Based on the crystallographic structures and literature data of other half-sandwich Ru(II) and Rh(III) complexes with (O,O) donors, mono complex formation is the most probable process under the applied conditions. The complexes of half-sandwich Rh and Ru complexes with (O,O) donors usually reaches the equilibrium state rather fast [28, [32] [33] [34] . Because of the extended delocalized electron system, the complexes of phthiocol and lawsone have absorbance in the UV-Vis region, so spectrophotometric titration is a suitable method for following the complex formation and spectra were recorded at 1:1 and 1:2 metal-to-ligand ratios.
In Fig.  5a the pH-dependent UV-Vis spectra of the [Ru(η 6 -toluene)(H 2 O) 3 ] 2+ -lawsone (1:1) system are shown. The spectra above 590 nm (see Fig. 5a inserted diagram) give the most valuable informa tion: neither the metal ion nor the ligand has absorption in that region. Spectral changes here directly show the formation of the formed metal complex. In the system with 1:2 metal-to-ligand ratio the absorbance change is relatively high making the determination of the stability constants more precise (Table 3 ). In Fig. 5b S2 ) and the formation of the [M(arene)L] complex is detectable also around 590-600 nm. However, with Rh(η 5 -C 5 Me 5 ) no complex formation occurred under the used conditions. Titration of lawsone with the organometallic ion at pH 7.4 shows no interaction between them, and the linearity of the curve in Fig. S3 proves the lack of complex formation in the system. Only an upper limit could be provided for the stability constant of this complex in Table 3 . 3 ] 2+ , phthiocol and their 1:1 metal-to-ligand ratio system is shown in Fig. 6a . The detection of complex formation in the case of phthiocol is more difficult: there is only a minor spectral change at~600 nm with a maximum of 0.02 absorbance (see Fig. S4 ). Additionally, the absorbance at 600 nm reaches only 0.015, which makes the detection of the complex formation even more problematic. The formation of the half-sandwich Rh(η 5 -C 5 Me 5 ) complex of phthiocol is also observable at 600 nm and the absorbance changes are negligible for this system (ΔÃ 0.015, see Fig. 7 ) (see Fig. 8 ). Comparison of the stability constants for both ligands shows a clear trend. The stability constant is the highest for Ru(η 6 -p-cymene) complexes, which is followed by Ru(η 6 -toluene) and the Rh(η 5 -C 5 Me 5 ) complexes have the lowest stability constants ( Table 3 ). The same tendency has been found previously in the case of other (O,O) donor bidentate ligands [33] . Based on the determined stability constants ( Table 3) the calculated concentration distribution curves show different characteristics for the [Rh(η 5 -C 5 Me 5 )(H 2 O) 3 ] 2+ -phthiocol (1:1) system (Fig. 7b) ; namely the complex is present in a wider range (>5% at pH 4.4-8.0) than the ruthenium analogues (>5% at pH 3.8-6.0). For the interpretation of the biological activity data, Table 3 shows the amount of the [M(arene)L] complex formed at pH = 7.4. It can be concluded that only the [Rh(η 5 -C 5 Me 5 )(phth)Cl] complex is present in the solution in more than 10% and it is the least cytotoxic of them.
Quinones and naphthoquinones are redox active molecules and their redox chemistry is well characterized [35] . As complex formation often has a great impact on the ligand's redox chemistry cyclic voltammetry (CV) was used to follow the changes of the voltammograms upon complexation in a 9:1 solvent mixture of dimethylformamide (DMF) and water due to the low solubility of the compounds in water (Fig. S5 ). However, variation of the metal center had only a small effect on the shape of the voltammograms, most probably as a result of the low fraction of complex formation under the applied conditions.
Comparison the stability of naphthoquinone complexes with other (O,O) donors
To compare the stability of complexes of the same organometallic ion formed with ligands of different pK a values, herein a modification of the method introduced by Raymond et al. is used, namely the direct comparison of pM* values [36] . The original pM is the negative logarithm of the free metal ion concentration, while pM* is calculated for the nonbound metal ion concentration: not only the free metal ion but the hydroxido species are taken into account as well. The higher pM* value shows higher stability. The calculated pM* curves are shown in Fig. 8 and Fig. S6 , illustrating the stability difference between the complexes of 2-hydroxy-[1,4]-naphthoquinones (Table 3) , 2,4-diketonates (acetylacetone), 3-hydroxy-2-methyl-pyran-4(1H)-one (maltol) and
1,2-dimethyl-3-hydroxy-pyridin-4(1H)-one (deferiprone) [28, [32] [33] [34] . The stability constants for the Ru(η 6 -toluene) -deferiprone system were missing for this comparison, thus pH-potentiometric titrations were performed in this work to determine these data, which are: log K [M(arene)L] = 11.74 ± 0.08 and pK a [M(arene)L] = 9.34 ± 0.09. The trend of stability is the same independently from the type of the organometallic cations: deferiprone > maltol > acetylacetone > 2-hydroxy- [1, 4] -naphthoquinones is the order in a wide pH range.
Experimental
Chemicals
All solvents were of analytical grade and used without further purification. Dry solvents were used for synthesis and stored under argon. Lawsone, menadione (Acros Organics), RuCl 3 × xH 2 O, RhCl 3 × xH 2 O, IrCl 3 × xH 2 O, OsO 4 (Johnson Matthey), α-terpinene (Alfa Aesar), 1,2,3,4,5-pentamethylcyclopentadiene (TCI Europe), deferiprone, H 2 O 2 (30%), KCl, HCl, KOH, KH-phthalate, NaOMe, Na 2 CO 3 , KH 2 PO 4 , NaH 2 PO 4 , Na 2 HPO 4 , MeOH, CHCl 3 , CH 2 Cl 2 , DMF and DMSO (Sigma Aldrich) were purchased from commercially available suppliers. For aqueous solutions Milli-Q water was used. The exact concentrations of the metal precursor stock solutions were determined by pH-potentiometric titrations with the aim of Hyperquad 2013 program [37] , employing the stability constants for hydroxido complexes from (I = 0.2 M KCl) [27, 28] . Stock solutions of the ligands were prepared on a weight-in-volume basis. In the case of buffered samples, 20 mM phosphate buffer was used instead of water with pH = 7.40.
For characterization of the compounds NMR spectra (Figs. S7-13) were recorded with a Bruker FT-NMR spectrometer Avance III™ 500 MHz with an UltraShieldPlus magnet at 25°C. The measurement frequency for proton NMR ( 1 H) was 500.10 MHz and for carbon NMR S14-16 ). The recorded TGA curves revealed thermal decomposition at T < 100°C, which did not allow the determination of the water content of the samples by this method. 3 ] 2+ were carried out at 25.0°C ± 0.1°C in water and at a constant ionic strength of 0.2 M KCl. The titrations were performed with a carbonate-free KOH solution (0.20 M). The exact concentrations of HCl and KOH solutions were determined by pH-potentiometric titrations. An Orion710A pH-meter equipped with a Metrohm electrode (type 6.0234.100) filled with 3 M KCl and a Metrohm 665 Dosimat burette was used. The volume resolution of the burette is 0.001 mL and its precision is 0.002 mL. The electrode system was calibrated to the pH = -log [H + ] scale by means of blank titrations (strong acid vs. strong base: HCl vs. KOH), as suggested by the Irving method [38] . The water ionization constant (pK w ) was determined as 13.76 ± 0.01 at 25.0°C ± 0.1°C, I = 0.2 M (KCl) [39] . The reproducibility of the titration points included in the calculations was within 0.005 pH units. The pH-potentiometric titrations were performed in the pH range between 2.0 and 11.5. The initial volume of the samples was 5.0 mL. The metal ion concentration was 2.0 mM. The goodness-of-fit measured in Hyper-quad2013 [37] by sigma (σ) represents the overall goodness-of-fit derived from the sum of squared residuals (calculated-experimental titration data). The model was accepted when σ was close to one (<1.5). The standard deviation of the log β values of species included into the model was always lower than 0.1. Samples were degassed by bubbling purified argon through them for about 10 min prior to the measurements and the inert gas was also passed over the solutions during the titrations. Log β values for the various hydroxido complexes [(Rh(η 5 -C 5 Me 5 )) 2 (μ-OH) i ] (4−i)+ , [(Ru(η 6 -p-cymene)) 2 (μ-OH) i ] (4−i)+ and [(Ru(η 6 -toluene)) 2 (μ-OH) i ] (4−i)+ (i = 2 or i = 3) were calculated based on the pH-potentiometric titration data in the presence of chloride ions and were found to be in good agreement with the previously published data [27, 28] . Stability constants for (M(arene)) p L q H r complexes cannot be determined by pH-potentiometry because of solubility problems of the ligands except the case of the deferiprone complexes.
pH-potentiometric measurements
UV-Vis spectrophotometric measurements
An Agilent Cary 8454 diode array spectrophotometer was used to record the UV-Vis spectra in the interval 200-800 nm. The path length was 1 or 2 cm. Equilibrium constants (proton dissociation and stability constants) and the individual spectra of the species were calculated with the computer program PSEQUAD [40] . The spectrophotometric titrations were performed in aqueous solution on samples containing the ligands with or without the organometallic cations and the concentration of the ligands was 50-200 μM. The metal-to-ligand ratio was 1:1 in the pH range from 2 to 11.5 at 25.0°C ± 0.1°C, I = 0.2 M (KCl).
Cyclic voltammetric measurements
Electrochemical experiments of phthiocol containing samples were performed on an Autolab-PGSTAT 204 potentiostat/galvanostat and monitored with Metrohm's Nova software. Measurements of the ligand (1 mM) in the presence and the absence of the metal ions (1 mM) were obtained in a 9:1 DMF/water mixture because of low solubility of phthiocol. The aqueous part contained 20 mM phosphate buffer (pH = 7.40). The supporting electrolyte was 0.2 M [n-Bu 4 N][BF 4 ]. A three-electrode configuration cell was used with two glassy carbon electrodes: one was the working and another was the counter electrode, the reference electrode was an Ag/AgCl/(1 M) KCl electrode. The system was calibrated for 0.01 M ferrocene before every experiment and gave a potential at +0.688 V vs. NHE.
Synthesis phthiocol (Hphth)
Menadione (1.00 g, 5.81 mmol, 1 eq.) was dissolved in methanol (10 mL) and stirred under ice cooling. Na 2 CO 3 (0.207 g, 1.95 mmol, 0.3 eq.) and H 2 O 2 solution (36%, 1 mL, 32.6 mmol, 1.7 eq.) were dissolved in H 2 O (10 mL). The aqueous solution was added dropwise to the yellow suspension. After complete addition, the mixture was stirred at room temperature for 1 h. H 2 O (100 mL) was added to the mixture and the formed precipitate was separated by filtration and dried in vacuo. The colorless solid was suspended in water (20 mL) and concentrated sulfuric acid was added until complete dissolution. The dark red solution was diluted with water and extracted with dichloromethane. The organic layer was separated and extracted with saturated NaHCO 3 solution. The aqueous layer was acidified with concentrated HCl and extracted with dichloromethane. Afterwards, the yellow solution was dried over anhydrous Na 2 SO 4 , evaporated and dried in vacuo. Yield: 0.788 g (4.19 mmol, 72%), yellow powder. Characterization: 1 
Synthesis of dimeric metal precursors
The dimeric metal precursors [RuCl 2 (η 6 -p-cymene)] 2 [41] , [RuCl 2 (η 6 -tolouene)] 2 [42] , [RuBr 2 (η 6 -p-cymene)] 2 [43] , [RuI 2 (η 6 -p-cymene)] 2 [43] , [RhCl 2 (η 5 -C 5 Me 5 )] 2 [44] and [OsCl 2 (η 6 -p-cymene)] 2 [45] were synthesized according to literature.
General procedure
Phthiocol (3 eq.) and sodium methoxide (3.2 eq.) were dissolved in dry methanol (12 mL) and stirred for 10 min. Afterwards, the respective metal precursor dimer (1 eq.) was added to the dark red mixture. Depending on the desired complex, two different methods were applied. Method A: The mixture was stirred at room temperature or at 40°C for 2-24 h. Method B: The mixture was stirred at 40-50°C under microwave irradiation for 6-14 min. In both methods, the purification procedure was conducted in the same way. The precipitate was separated from the supernatant, which was further evaporated. The solid were dissolved in dichloromethane, filtrated, and the solvent was evaporated. The remaining black residues were combined, dissolved in dichloromethane and n-hexane was added until precipitation started. The mixture was cooled to ensure complete crystallization of the desired complexes. The black crystals were separated and dried in vacuo. Minor changes to the general procedure are described in the respective synthesis. 1 H NMR spectra recorded for complexes are shown in Figs. S7-13 with the general numbering scheme for clarity (Chart S1).
Synthesis of Ru(η 6 -p-cymene)(phth)Cl](1)
The synthesis of complex 1 was introduced earlier [14] and the reaction was performed according to this procedure (method A), using [Ru(η 6 -p-cym)Cl 2 ] 2 (150 mg, 0.24 mmol, 1 eq.), Hphth (135 mg, 0.72 mmol, 3 eq.) and sodium methoxide (42 mg, 0.77 mmol, 3.2 eq.). The mixture was stirred at room temperature for 2 h. Yield: 122 mg (0.27 mmol, 56%), black crystals. 1 136.1 (C 8 ), 133.0 (C 4a ), 131.4 (C 5 ), 128.1 (C 8a ), 126.6 (C 7 ), 126.5 (C 6 ), 123.5 (C 2 ), 100.7 (C d ), 96.8 (C a ), 82.1 (C c ), 81.1 (C c ), 79.5 (C b ), 78.5 (C b ), 31.6 (C f ), 22.6 (C g ), 22 .6 (C g ), 18 .8 (C e ), 9.0 (C 1' ). Anal. Calc. for C 21 H 21 ClO 3 Ru·0.2H 2 O: C 54.65%, H 4.67%, O 11.09%. Found: C 54.52%, H 4.56%, N < 0.05% S < 0.02%, O 11.07%.
Synthesis of [Ru(η 6 -p-cymene)(phth)Br](2)
The reaction was performed according to method B, using compound [RuBr 2 (η 6 -p-cymene)] 2 (150 mg, 0.19 mmol, 1 eq.), Hphth (107 mg, 0.57 mmol, 3 eq.) and sodium methoxide (33 mg, 0.61 mmol, 3.2 eq.). The mixture was stirred under microwave irradiation at 50°C for 15 min (10-20 W). Yield: 126 mg (0.25 mmol, 66%), black crystals. 1 
Synthesis of [Ru(η 6 -p-cymene)(phth)I](3)
The reaction was performed according to method A, using [RuI 2 (η 6 -p-cymene)] 2 (120 mg, 0.12 mmol, 1 eq.), Hphth (68 mg, 0.36 mmol, 3 eq.) and sodium methoxide (21 mg, 0.61 mmol, 3.2 eq.). The mixture was stirred at 40°C for 23 h. Yield: 96 mg (0.17 mmol, 71%), black crystals. 1 
Synthesis of [Ru(η 6 -toluene)(phth)Cl](4)
The reaction was performed according to method B, using Hphth (85 mg, 0.454 mmol, 2.4 eq.) and sodium methoxide (27 mg, 0.491 mmol, 2.6 eq.). They were dissolved in 6 mL dry methanol and stirred for 10 min at room temperature. [Ru(η 6 -toluene)Cl 2 ] 2 (100 mg, 0.189 mmol, 1 eq.) was added and the mixture was stirred under microwave irradiation at 40°C for 7 min. Afterwards, the dark mixture was stored in the fridge overnight for complete precipitation. The black solid was separated, washed twice with 2 mL ice cold methanol, twice with 4 mL n-hexane and dried in vacuo. 141 mg (0.339 mmol, 90%). 1 
Synthesis of [Os(η 6 -p-cymene)(phth)Cl](5)
The reaction was performed according to method A, using [Os(η 6 -p-cymene)Cl 2 ] 2 (126 mg, 0.159 mmol, 1 eq.), Hphth (63 mg, 0.335 mmol, 2.2 eq.) and sodium methoxide (21 mg, 0.382 mmol, 2.4 eq.). The mixture was stirred at 40°C for 1.5 h. Yield: 26 mg (0.048 mmol, 15%), black crystals. 1 
Synthesis of [Rh(η 5 -C 5 Me 5 )(phth)Cl](6)
The reaction was performed according to method B, using compound [RhCl 2 (η 5 -C 5 Me 5 )] 2 (100 mg, 0.16 mmol, 1 eq.), Hphth (90 mg, 0.48 mmol, 3 eq.) and sodium methoxide (28 mg, 0.51 mmol, 3.2 eq.). The mixture was stirred under microwave irradiation at 50°C for 6 min (10-20 W). Yield: 111 mg (0.24 mmol, 75%), black crystals. 1 
Synthesis of [Ru(η 6 -p-cymene)(law)Cl](7)
The complex of lawsone was synthesized according to method A. A solution of [Ru(η 6 -p-cymene)Cl 2 ] 2 (200 mg, 0.33 mmol, 1 eq.) in CH 2 Cl 2 (10 mL) was added to a solution of Hlaw (124 mg, 0.73 mmol, 2 eq.) and sodium methoxide (43 mg, 0.80 mmol, 2.2 eq.) in methanol (15 mL). The reaction mixture was stirred at room temperature and under argon atmosphere for 3 h. The reaction mixture was filtered and solvent was evaporated under reduced pressure. The residue (deep violet solid) was extracted with dichloromethane and concentrated. The solid was dissolved in 2 mL MeOH and precipitated by addition of ether and n-hexane. Yield: 202 mg (0.455 mmol, 69%). 1 
Single-crystal X-ray structure analysis
The X-ray intensity data were measured on a Bruker D8 Venture diffractometer equipped with multilayer monochromators, Mo K/α IN-COATEC micro focus sealed tubes and Oxford system. The structures were solved by direct methods and refined by full-matrix least-squares techniques. Non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were inserted at calculated positions and refined with riding model. The following software was used: Bruker SAINT software package [46] using a narrow-frame algorithm for frame integration, SADABS [47] for absorption correction, OLEX2 [48] for structure solution, refinement, molecular diagrams and graphical user-interface, SHELXLE [49] for refinement and graphical user-interface SHELXS-2015 [50] for structure solution, SHELXL-2015 [51] for refinement, Platon [52] Table S1 . Crystal data and structure refinement details for complexes are given in Tables S1-S6. . All cell culture reagents were obtained from Sigma-Aldrich and plasticware from Starlab (Germany). Cells were grown in 75 cm 2 culture flasks as adherent monolayer cultures in minimum essential medium (MEM) supplemented with 10% heat-inactivated fetal calf serum (Gibco™, Thermo Fisher),1 mM sodium pyruvate, 4 mM l-glutamine, and 1% non-essential amino acids (from 100 × ready-to-use stock). Cultures were maintained at 37°C in humidified atmosphere composed of 95% air and 5% CO 2 .
MTT assay
Cytotoxic effects were determined by means of a colorimetric microculture assay (MTT assay). For this purpose, cells were harvested from culture flasks by trypsinization and seeded in 100 μL/well aliquots into 96-well microculture plates. Cell densities of 1.0 × 10 3 cells/well (CH1/ PA-1), 2.0 × 10 3 cells/well (SW480), and 3.0 × 10 3 cells/well (A549) were chosen in order to ensure exponential growth of untreated controls throughout the experiment. Cells were allowed to settle and resume exponential growth in drug-free complete culture medium for 24 h. The compounds were then dissolved in DMF (compounds 4, 6) or DMSO (all other compounds) first, diluted in complete culture medium and added to the plates where the final DMF/DMSO content did not exceed 0.5%. After 96 h of exposure, all media were replaced with 100 μL/well of a 1:7 MTT/RPMI 1640 solution (six parts of RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum and 4 mM l-glutamine; one part of 5 mg/mL MTT reagent in phosphate-buffered saline (PBS)). After incubation for 4 h, the supernatants were removed and the formazan crystals formed by viable cells were dissolved in 150 μL DMSO per well. Optical densities at 550 nm were measured with a microplate reader (BioTek ELx808) using a reference wavelength of 690 nm to correct for unspecific absorption. The quantity of viable cells was expressed as percentage of untreated controls, and 50% inhibitory concentrations (IC 50 ) were calculated from concentration-effect curves by interpolation. Evaluation is based on means from at least three independent experiments, each comprising three replicates per concentration level.
Conclusions
Phthiocol and lawsone are 2-hydroxy- [1, 4] -naphthoquinones with pronounced bioactivity and redox chemistry; therefore the complexa tion with metal ions, such as Ru(II)-, Os(II)-and Rh(III)-arene is a promising approach for the development of novel organometallic compounds with anticancer properties. Within this work, six naphthoquinone-based complexes with different metal centers, arenes, chelating ligands and leaving groups were synthesized and characterized. The analysis of the single-crystal X-ray data of the phthiocol-based organometallic complexes showed that the exchange of the metal center with a higher charged metal ion affects the bond lengths of the coordination bonds considerably. The cytotoxic properties of the compounds in three human cancer cell lines and their solution chemistry were investigated. The performed structural variations did not lead to an increase in cytotoxicity in the used cancer cells compared to the most cytotoxic compound 1.
Solution equilibrium chemistry was investigated systematically for Ru(η 6 -p-cymene), Ru(η 6 -toluene) and Rh(η 5 -C 5 Me 5 ) complexes of both ligands with natural origin, and stability constants were determined. The observed trend of the stability constants is the following: Ru(η 6 -p-cymene) > Ru(η 6 -toluene) > Rh(η 5 -C 5 Me 5 ), which is the same as it was found earlier for other (O,O) bidentate ligand complexes. Despite this trend the [Rh(η 5 -C 5 Me 5 )(phth)Cl] complex has the highest solution stability at physiological pH among the studied complexes. Notably, the tested complexes have generally lower stability compared with those of other ligands bearing (O,O) donor set.
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